ADDITIONAL INDEX WORDS. experimental methods, water management, sensors, spatial scales SUMMARY. Soil water content (SWC) is a soil property that plays a crucial role in a large variety of biophysical processes, such as seed germination, plant growth, and plant nutrition. SWC affects water infiltration, redistribution, percolation, evaporation, and plant transpiration. Indeed, the quantification of SWC is necessary for a variety of important applications in horticultural systems, such as optimization of irrigation volumes, fertilization, and soil-water-budget computations. In recent decades, a substantial number of different experimental methods have been developed to determine the SWC, and a large body of knowledge is now available on theory and applications. In this review, the main techniques used to determine the SWC are discussed, first by describing the physical principles behind the most popular methods and then by addressing how the various spatial scales might affect the different methodologies when applied.
S
oil water content has an important impact on many fundamental biophysical processes. It affects the germination of seeds, plant growth and nutrition, microbial decomposition of the soil organic matter, nutrient transformations in the root zone, as well as heat and water transfer at the land-atmosphere interface. The quantification of SWC is necessary for different applications, ranging from large-scale calibration of global-scale climate models to field monitoring in agricultural and horticultural systems. In the former, knowledge of SWC is involved in the partitioning of solar radiation into latent and sensible heat, whereas in the latter, SWC measurements help optimize irrigation volumes and schedule, as well as plant nutrition. SWC is also a key variable in determining the rate of decomposition of the soil organic matter, which can affect, for example, the rate of soil respiration and soil carbon sequestration. Moreover, SWC plays a key role in the physicochemical transformation of fundamental nutrients (e.g., nitrogen), such as mineralization, volatilization, and nitrification.
In recent decades, a variety of methodologies to measure SWC at different scales have been developed, which has greatly expanded the information available on theory and applications. Since there are a range of techniques based on different physical principles and a variety of available sensors, this review is not intended to provide an exhaustive scientific description of each method, but rather to provide guidance for field scientists and practitioners who are interested in measuring SWC. Specifically, my objective is to provide information and bibliographical sources that might help match the project objectives with the appropriate measurement method. Because of the multitude of private manufacturers developing and selling sensors, specific companies are not listed in the discussion. However, I have provided bibliographical and website references where it is possible to read reviews and comparisons of the various sensors and manufacturers available on the market today.
In this review, the physical principles behind the different methods are described first, followed by the methodologies and sensors employed at different spatial scales. Four main scales of measurements will be described: 1) local scale, 2) field scale, 3) catchment scale, and 4) regional and global scale. Clearly, the transitions from one scale to another are not abrupt, and intermediate scale measurements could be added to this simplified classification; however, the spatial-scale approach is useful to better describe and classify the available techniques and their applications.
Physical principles
Soil water content can be measured directly or indirectly. In the first case, the amount of water is directly measured, for instance, by measuring its weight as a fraction of the total soil weight (gravimetric method). However, this measurement method usually is destructive since the soil sample is removed from the field to be analyzed in the laboratory. Moreover, it is a time-consuming and impractical way of measuring SWC in the field. Because of these limitations, a variety of indirect measurements (also called surrogate methods) have been developed.
An indirect method measures another variable that is affected by the amount of soil water, and then it relates the changes of this variable to the changes in SWC, through physically based or empirical relationships called calibration curves. For instance, the dielectric sensors exploit the changes in soil dielectric properties as function of SWC; the heat dissipation and heat flux sensors use the changes in the soil thermal properties; the neutron scattering technique is based on the loss of high-energy neutrons as they collide with other atoms, in particular hydrogen contained in the water molecule. Although the direct gravimetric method is the reference method for SWC measurement (and commonly used for indirect methods calibration), the majority of the commercial sensors are based on indirect methods. Specific descriptions are provided below. a) Thermogravimetric measurement is a direct method, and it is the reference method for SWC measurement. It is based on the weight measurement of a wet sample before and after oven drying at 105°C for 24 h . The difference in weight ½the weight of liquid water (m l ) is expressed as fraction of the soil solid weight (m s ), called gravimetric water content (w=m l =m s ). This quantity can be expressed as volume fraction, by multiplying the gravimetric water content by the bulk density of the sample and dividing by the density of liquid water, q=w r b =r l , where r b and r l are the soil bulk and water density, respectively. The value of bulk density should be obtained by volumetric and weight measurements of the same sample, which are then used to determine the gravimetric water content. Using bulk density values obtained from tables or from previous measurements should be avoided since SWC and bulk density are properties that vary in space and time. Both error (bias) and imprecision (larger variance) occur when volumetric water content is calculated using an assumed bulk density or one measured elsewhere or at another time . When the thermogravimetric measurement is performed for calibration of other SWC sensors, it is important to measure the sample bulk density for conversion into the volumetric form since many indirect methods (e.g., the dielectric sensors) provide volumetric measurements of SWC. b) Dielectric measurement takes advantage of the differences in dielectric permittivity values between different soil phases (solid, liquid, and gas). Liquid water has a dielectric permittivity of %80 (depending on temperature, electrolyte solution, and frequency), air has a dielectric permittivity of %1, and the solid phase of 4 to 16 (Hallikainen et al., 1985; Wraith and Or, 1999) . This contrast makes the dielectric permittivity of soil very sensitive to variation in SWC. The measurement of the bulk dielectric permittivity is then used to obtain the volumetric water content through calibration curves (Roth et al., 1990; Topp et al., 1980) . Although many different electronic devices and experimental techniques are available, all the dielectric sensors exploit the effect of liquid water dielectric permittivity on the bulk soil dielectric properties. Some sensors derive the dielectric permittivity by measuring the travel time of an electromagnetic wave traveling back and forth on the probe, such as time-domain reflectometry (TDR; Robinson et al., 2003) , or by measuring the capacitance of the bulk soil. Other sensors measure the dielectric properties of the reflected electromagnetic wave in the frequency domain, to obtain the dielectric properties of the bulk soil. Indeed, important families of sensors used for SWC are the frequency-domain reflectometry and the capacitance sensors, also referred as dielectric sensors or electromagnetic sensors (Evett and Parkin, 2005; Gardner et al., 1998; Robinson et al., 1999 Robinson et al., , 2003 . These sensors measure the dielectric permittivity of the media using capacitance/frequencydomain technology. Some devices are also equipped to measure SWC, soil temperature, and soil electrical conductivity (EC) within the same sensor.
Units
The accurate use of these sensors requires a good understanding of several factors affecting the measurement, such as the geometric properties of the sensors, soil temperature, bulk soil EC, and the electronic features of the different sensors (Bogena et al., 2007; Robinson et al., 2003) . Some authors analyzed different dielectric sensors to review their performance and compared them (Blonquist et al., 2005; Evett et al., 2008 Evett et al., , 2009 . Soil dielectric properties are also used as a basis for measurements of earth soil moisture using ground-penetrating radar (GPR) for measurement of SWC at larger scales (Gerhards et al., 2008; Huisman et al., 2003) . c) Resistivity measurement is based on the principle that soil resistivity is affected by SWC. Usually, a current is transferred into the soil by electrodes, and the value of soil resistivity is then obtained by measuring the changes in voltage. The most common approach is to use fourprobe resistance methods such as the typical Wenner array (Wenner, 1915) or other configurations that allow for insertion of multiple electrodes into the soil to obtain soil tomography (Amer et al., 1994; Samouelian et al., 2005; Seyfried, 1993) . Other new technologies include the automatic resistivity profiling system, where the electrodes are the wheels of a machine pulled on the soil, which allows for rapid tomography of large areas (Dabas, 2006 (Dabas, , 2009 . Additional resistivity methods are also available, such as the OhmMapper system (Geometrics, San Jose, CA), which uses electrodes that are dragged on the soil surface (Walker and Houser, 2002) . d) Neutron scattering technique also called neutron probe employs high-energy neutrons produced by a radiation source, which collide with soil atoms. Fast neutrons are emitted by a radioactive source. The neutrons lose their energy as they collide with other atoms, in particular hydrogen. Therefore, the neutrons are slowed down and counted. The instrument is equipped with a source of fast neutrons and a detector of slow neutrons. The number of hydrogen atoms in soils changes because of the change in SWC; therefore, the hydrogen content can be calibrated vs. the count of slow neutrons (Hignett and Evett, 2002) . According to Evett (2008) a field-calibrated neutron moisture meter is the most accurate and precise indirect method for SWC measurement in the field. These sensors can be placed on the soil surface or as inserted tube for the measurement of the SWC profile. e) Measurement of soil thermal properties is an indirect method that exploits changes in soil thermal properties due to variation of SWC. The two main techniques are heat dissipation and heat pulse. The heat dissipation technique uses a heat source (usually a heated needle) and temperature sensors (thermocouples or thermistors), immersed into a porous ceramic that equilibrates with the surrounding soil at a given water content. The needle is heated, and the rate of heat dissipation is measured by the temperature sensors. These changes are affected by the thermal conductivity, which depends on the ceramic water content. The thermal conductivity is then obtained through measuring the differential temperature before and after heating (Shiozawa and Campbell, 1990; Young et al., 2008) . In the heat flux method, the pulse of heat is applied at one location and its arrival at another location is determined by measuring the soil temperature at the other location. The time required for the pulse of heat to travel to the second location is a function of soil thermal conductivity, which is related to water content. The heat dissipation sensors are also used to estimate soil water potential, through calibration of the sensors at specific soil water potentials (Reece, 1996) .
Although the techniques described above are the most common ones, other techniques are also developing such as acoustic wave methods (Adamo et al., 2004; Blum et al., 2004; Lu, 2007) , optical methods (Selker et al., 2005; Tidwell and Glass, 1994) and gravity measurements (Leiriao et al., 2009 ).
Water content measurement at different spatial scales
Determination of SWC can span many orders of magnitude ranging from 0.1 m 2 , for common local measurements in the field employing in situ sensors (Ferré et al., 1996; Robinson et al., 2003) , to 25 to 25,000 km 2 , for satellite measurements (Wagner et al., 2007a) . Since the measurement depth may vary from technique to technique, SWC determinations are usually expressed as volumetric measurements. But here, for simplicity, units of an area are used throughout the text. Intermediate scales can estimate SWC over areas of 10 to 100,000 m 2 , using, for instance, GPR or electrical resistivity methods (Dabas et al., 2002) , to areas of 1 to 100 km 2 , using aircraft remote sensing .
LOCAL SCALE. Measurement at the local scale (%0.01 m 2 ) is performed with in situ measurement using sensors of different size and shape. The site Sowacs.com (Sowacs, 2010) provides a list of available commercial sensors for measuring SWC. As described above, among the most common devices for SWC measurement at this scale are the ones based on dielectric measurements. Comparative analyses of various sensors for measuring SWC were presented by Blonquist et al. (2005) , Bogena et al. (2007) , Evett et al. (2008) , Inoue et al. (2008) , Plauborg et al. (2005) , and Robinson et al. (2003) . One of the main advantages of using in situ sensor is that these sensors can be connected to dataloggers and automatically retrieve SWC data in real time and provide detailed time series . Figure 1 depicts daily measurement of SWC at 10-cm depth, in a small catchment in northern Idaho (Bittelli et al., 2010) , determined with a reflectometer probe (model CS615; Campbell Scientific, Logan, UT). These sensors can provide very informative SWC time series at different depths, and they can be used to manage irrigation scheduling, compute the soil-water budget, corroborate soilplant models, and other applications. Today, it is also possible to install distributed wireless sensor networks to obtain data in various locals across a field or a watershed (Brown et al., 2007) . The current disadvantages are as follows: 1) sensor calibration is often needed for use in different soil types, 2) methodologies are not standardized, and 3) the SWC measurement is obtained only for very small soil areas (local measurement).
An important issue limiting the applicability of these sensors is the effect on the dielectric measurement of the dielectric losses occurring in saline and clay soils. For example, the main assumption behind the use of TDR is of negligible losses; therefore, assuming that only the real part of the dielectric permittivity determines the value of the TDR-measured apparent dielectric permittivity. This assumption is not valid for conductive soils (clay soils) or where high concentrations of electrolyte are present in the soil solution (saline soils) because, under these conditions, the contribution of the imaginary part is important. One of the main effects of dielectric losses on the TDR measurement is overestimation of SWC Topp et al., 2000) . More complex calibration equations were presented to address the issues of interferences from soil bulk EC and bound water related to soil temperature and clay content and type (e.g., Schwartz et al., 2009a Schwartz et al., , 2009b .
The spatial variability of SWC across a field is another important factor. One of the first researches analyzing the spatial and temporal variability of soil moisture was presented by Vachaud et al. (1985) . In their work, they presented the concept of time stability. This concept describes that, for the same individual location, the SWC value maintain its rank in a cumulative probability function and its statistical parameters, for different sampling time. The rationale behind this concept is that, for similar vegetation conditions, the SWC depends on soil texture; therefore, this stability is based on the relationship between SWC and soil texture. Several improved estimation techniques have been developed based on the temporal stability concept, including the interpretation of measurements of SWC from microwave satellites (Wagner et al., 2008) . One of the largest studies on the spatial and temporal variability of SWC was the Southern Great Plains 1997 (SGP97) study (Famiglietti et al., 1999) . The authors showed variations in SWC depending on soil type, vegetation, and rainfall gradients. The statistical properties within fields (spatial variability) were related to the amount of SWC, with negatively skewed/nonnormal distribution under very wet conditions, normal in the midrange to positively skewed/nonnormal under dry conditions. Other authors investigated the dependence of statistical and geostatistical land properties to the SWC level (Entin et al., 2000; Hupet and Vanclooster, 2002) . • June 2011 21 (3) FIELD SCALE. Estimation of SWC at the field scale may range from a few meters (10 to 50 m 2 ) up to several hectares (10,000 to 100,000 m 2 ), and they are usually performed with geophysical methods such as GPR or electrical resistivity. GPR is a noninvasive technique that can detect subsurface structure and has been used to estimate SWC (Gerhards et al., 2008; Huisman et al., 2003) . Figure 2 shows an increase in SWC after irrigation obtained using GPR ground wave and TDR measurements in a 60 · 60 m 2 area and at a depth of 0.1 m (Huisman et al., 2003) . Dabas et al. (2002) presented a system for fast mapping of electrical resistivity by using a motorized vehicle to map large areas and then deriving the SWC from soil EC.
Geophysical methods have the advantages of estimating SWC over areas that are much larger than the ones obtained from traditional local scale measurements and providing information for a few meters in depth. The disadvantages of geophysical methods is that they require regular field surveys to obtain information of SWC with time, whereas local and global scale techniques can provide automated acquisition, by either using automatic dataloggers (for in situ sensors) or periodic acquisition of satellite data. Moreover, the drawbacks of geophysical methods are commonly related to the difficulties of obtaining SWC from reflections measurements and the high cost of instrumentation such as GPR or resistivity methods.
CATCHMENT SCALE. The catchment scale is the most problematic scale since it is between the local and field scale and the regional and global scale. Currently, numerous local-scale sensors may be installed to obtain a network of local data; however, this approach is not cost-effective and geographic range is limited.
Geophysical methods (resistivity and GPR) can map larger sections of the catchment in a less labor-intensive manner. Aircraft remote sensing may be employed for large catchments, using microwave sensors mounted on the plane. The spatial resolution of airborne data typically ranges from 50 m to 1 km, while the SWC estimation can cover areas from 1 to 100 km 2 . This intermediate spatial scale can be used to bridge the gap between local and field scale measurements and satellite observations. Specifically, airborne data can be used to assess the models developed from ground-based data and develop parameterizations that include the subpixel surface heterogeneity. Indeed, modeling techniques are very important for supporting data interpretation and for addressing the many unresolved issues that still limit applications of SWC measurement at this scale (such as down-and upscaling techniques and analysis of spatial heterogeneities). Determination of SWC from airplanes and helicopters using microwave remote sensing was presented by Macelloni et al. (2002 Macelloni et al. ( , 2003 , with scattering coefficients used to determine soil moisture. Santi et al. (2009) presented a study where an airborne campaign with multifrequency microwave radiometers at L, C, and X bands was carried out on a flat alluvial area in northern Italy, in the Po Valley, with the aim of improving the estimation of airborne soil moisture and vegetation biomass maps, using both active and passive sensors. Ground measurements performed with TDR were used for testing and comparison of SWC data against the airborne data. Figure 3 shows an example of flight lines for the study of Santi et al. (2009) , performed to measure brightness temperature from which estimation of SWC was obtained. Other studies on SWC determination from L-band and IR sensors from airplanes were presented by Merlin et al. (2008) and Teuling et al. (2007) .
REGIONAL AND GLOBAL SCALE. Since the 1970s, various methods have been proposed for remote sensing of SWC, including visible and thermal space-borne data (Verstraeten et al., 2006) and microwave remote sensing (Njoku et al., 2003) . Microwave remote sensing using satellites has become the primary remote sensing technique for measurement of SWC at the regional and global scale.
Microwave instruments are well suited for soil moisture retrieval because of the strong relationship between dielectric permittivity and soil moisture. Moreover, microwave remote sensing is not significantly affected by cloud cover and is able to penetrate (to some extent) vegetation and soil while maintaining sensitivity to SWC. The sensors can be divided in two categories: passive sensors and active sensors. Passive sensors (radiometers) detect radiation emitted by the earth's surface, whereas active sensors (radars) transmit an electromagnetic wave to the target and measure the reflected or scattered energy back to the sensor.
Radiometers measure the brightness temperature, which is affected by soil, vegetation, snow cover, surface roughness, and atmosphere (Njoku et al., 2003; Schmugge, 1998) . Since the early 1990s, a variety of satellites equipped with radiometers have been lunched, including the Scanning Multichannel Microwave Radiometer (SMMR) on the Nimbus-7 satellite, the Tropical Rainfall Measuring Mission (TRMM), and the Advanced Microwave Scanning Radiometer (AMSR)-Earth Observing System (EOS) on board of the National Aeronautics and Space Administration (NASA) satellite, Aqua (Njoku et al., 2003) . There are primarily two types of radar currently being used for SWC retrieval: synthetic aperture radar (SAR) and scatterometers. SAR is coherent radar, where high resolution images are created from the backscatter signals. Currently, the European Space Agency (ESA) is using the Earth Remote Sensing (ERS-1 and ERS-2) satellites for SWC remote sensing (Wagner et al., 2003 (Wagner et al., , 2007a . Scatterometers are microwave radar sensors that measure the normalized radar cross section of the surface, scanned from an airplane or a satellite (Dubois et al., 1995; Schmugge, 1998; Wagner and Scipal, 2000) . They were primarily developed for measurement of nearsurface winds over the ocean, based on the fact that wind determines smallscale changes of the sea surface, affecting the sea-surface roughness and, therefore, the backscattering properties. In addition to their original purpose, scatterometers are now also being used for polar ice studies, vegetation coverage, and SWC measurements. A variety of scatterometers have been launched on board satellites, such as the NASA scatterometer (NSCAT) and the sensor advanced scatterometer (ASCAT) on board of the ESA meteorological operational satellite (MetOp-A) launched in 2006 (Wagner et al., 2003 (Wagner et al., , 2007a .
Scatterometers have the advantage of being active during day and night time and to be unaffected by cloud coverage, providing aroundthe-clock coverage. Commonly, the scattering coefficients measured from the sensors are used as input for physical models to derive specific properties of the surface (Jarlan et al., 2002; Zine et al., 2005) . However, physical models can often be difficult to parameterize, so simpler moisture retrieval methods have been presented, such as those based on change detection (Wagner et al., 1999) , where SWC is computed based on differences over long-term computation between the lowest and the highest value of backscatter. One of the disadvantages of the microwave sensors in general is the coarse spatial resolution, which is 50 and 25 km, depending on the sensors. However, recent studies have developed downscaling procedures on the basis of the combination of SAR and ASCAT data (Wagner et al., 2008) , which allowed to downscale the data to a 1-km spatial resolution. Figure 4 shows an example of 1-km experimental SWC over Africa for Jan. 2005 (Wagner et al., 2007b) . Another limitation of satellite microwave remote sensing is that the soil penetration depth (at frequencies between 1 and 2 GHz) is %5 cm. Therefore, various soil-water-budget models are used to obtain information at deeper depths, for instance, for plant available water.
However, further studies on effective down-and upscaling techniques, as well as large-scale modeling, are necessary for obtaining reliable SWC estimates and for inferring the shallow information obtained by satellites to deeper soil depths. These issues are still a challenge because of the complexity of obtaining soil hydraulic properties over very large areas and the need for simplified models that can be applied at the regional and global scale (Pistocchi et al., 2008) .
Current challenges and future research
Accuracy of in situ measurement with dielectric sensors in saline and clay soil is still problematic although some experimental and theoretical approaches have been presented to address this issue.
Uncertainty in SWC measurement, associated with in situ measurements for different local-scale sensors, still needs to be investigated although some comparative studies have been performed as described above.
Identification of the best techniques for SWC measurement at the catchment scale and compatibility with the grid sizes used in catchment-scale hydrological modeling is necessary.
Integration of information at different scales remains one of the primary challenges,especiallytheidentification of efficient techniques for downscaling of satellite data.
Simplified large-scale SWC modeling (regional and global scale) is necessary and still a challenge because of the complexity of acquiring knowledge of soil hydraulic properties necessary for correct modeling.
Several new techniques, including optical and gravity measurements, are in the process of being developed and merit additional research.
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